ABSTRACT Despite the convenience and noninvasiveness of fecal sampling, the fecal 19 microbiota does not fully represent that of the gastrointestinal (GI) tract, and the efficacy of fecal 20 sampling to accurately represent the gut microbiota in birds is poorly understood. Using chickens 21 as a model, we collected 1,026 samples from 206 animals, including duodenum, jejunum, ileum, 22 cecum and feces samples. Most taxa in the small intestine (94.10 -94.82%) and ceca (99.57%) 23 could be identified in feces. Microbial community membership was reflected with a gut anatomic 24 feature, but community structure was not. Excluding shared microbes, the small intestine and ceca 25 contributed 26.69 and 2.36% of the total fecal members, respectively. The composition of 26
cecum and feces samples. Most taxa in the small intestine (94.10 -94.82%) and ceca (99.57%) 23 could be identified in feces. Microbial community membership was reflected with a gut anatomic 24 feature, but community structure was not. Excluding shared microbes, the small intestine and ceca 25 contributed 26.69 and 2.36% of the total fecal members, respectively. The composition of 26
Firmicutes members in the small intestine and that of Actinobacteria, Bacteroidetes and 27
Proteobacteria members in ceca could mirrored that observed in fecal samples well (ρ = 0.68 -28 0.79 and 0.66 -0.79, respectively, P < 0.05). Enterotype-like clustering was performed in GI tract 29 and all sites were clustered into 2 or 3 enterotype-like clusters. Feces from different clusters 30 reflected the GI microbiota with different efficacies, giving a new insight into observing efficacy 31 of feces as a gut proxy. Our results provide evidences that the good potential of feces to identify 32 most taxa in chicken guts, but microbial structure analyses using feces as a proxy for gut should be 33 interpreted with caution. 34
INTRODUCTION

46
Many studies have reported on the important roles of gut microbiota in affecting host 47 analyses to identify the correlation bias in predominant phyla (Actinobacteria, Bacteroidetes, 148
Firmicutes and Proteobacteria; Fig. S2 ). Genera of the Firmicutes and Proteobacteria phyla in 149 fecal samples showed moderate to high correlations with those in all of four GI sites (ρ = 0.43 -150 0.79, P < 0.05). In particular, fecal samples were highly representative of Firmicutes members in 151 the small intestine (ρ = 0.68 -0.79, P < 0.05) and of Actinobacteria, Bacteroidetes and 152
Proteobacteria members in ceca (ρ = 0.66 -0.79, P < 0.05). However, Actinobacteria members in 153 the small intestine might not be well represented in fecal samples (ρ = 0.15 -0.25, P > 0.05; Fig.  154 
S2). 155
A follow-up question concerned the extent to which each microbe correlated between two sites. 156
To address this issue, Spearman correlation tests were performed for each genus between two sites. 157
The genera with abundances of > 0.1% at either compared site with a significant correlation (P < 158 0.05) are summarized in Fig. S3 . Between the fecal and each of the 4 gut segmental samples, a 159 limited number of significant correlations (P < 0.05) were observed, and these correlations were 160 not high (ρ = -0.2 -0.4, P < 0.05) for each genus. Most genera with significant correlations 161 belonged to the phyla Firmicutes and Proteobacteria. However, more significant and moderate 162 correlations were observed between two of the small intestinal segments, and most of the genera 163 with significant correlations were also from the phyla Firmicutes and Proteobacteria (Table S3) . 164 The results suggest that the gut microbiota structures could be moderately reflected by fecal 165 samples when taking all genera into consideration simultaneously, but analyses of fluctuations in 166 abundance for a specific genus should be interpreted with caution. 167
Although microbes at one site were weakly correlated with the corresponding microbes at 168 another site, certain patterns were observed in some cases, as exemplified by the genuswith that observed in the jejunum (ρ = 0.21, P < 0.05) and ileum (ρ = 0.36, P < 0.05). In ileal 171 samples, this genus was correlated with that measured in fecal samples (ρ = 0.19, P < 0.05), while 172 no correlation was observed between cecal and fecal samples. This finding indicates that 173
Campylobacter has great colonization ability in the distal gut of chickens, especially in ceca, and 174 most Campylobacter contributions to the fecal composition are probably from the ileum, but not 175
ceca. 176
Enterotype clustering analyses. The above analyses showed the spatial relationships of the gut 177 microbiota among chicken feces, ceca and small intestine by regarding each site as an entirety, and 178 the "entirety" could be clustered into different enterotype-like groups (21), which might improve 179 our observations. To address this issue, enterotype analyses of different sites were implemented 180 using the methods reported by Arumugam et al. (21) . 181
The microbial communities in the duodenum, jejunum and ceca were clustered into two clusters, 182 while those in ileum and feces were clustered into three (Fig. 4a) . Each of the clusters was 183 characterized by signature taxa that were overrepresented in one cluster compared to their 184 representation in the others within each site. The signature taxa of clusters in different sites 185 presented different but anatomy-linked features (Fig. 4b) . In the small intestine, Ochrobactrum 186
and Rhodococcus were overrepresented in duodenal cluster 1, jejunal cluster 2 and ileal cluster 2. 187
An unassigned taxon was overrepresented in duodenal cluster 2, jejunal cluster 2 and ileal cluster 188 2, and this taxon was identified as New.ReferenceOTU2622 based on OTU level analyses. These 189 signature taxa showed conserved overlaps among clusters within the small intestine. Similarly, the 190 signature taxa in fecal clusters presented linkages with those in GI clusters. Fecal cluster 1 wasoverrepresented by unclassified Clostridiaceae, which also occurred in jejunal cluster 1 and ileal 192 cluster 1. Bacteroides was overrepresented in fecal cluster 2, as well as in ileal cluster 4 and cecal 193 cluster 1. However, Gallibacterium and Lactobacillus were overrepresented in fecal cluster 3, 194 which did not occur any of the GI clusters (Fig. 4b) . 195
To understand whether enterotype-like clustering would affect the spatial relationships of gut 196 microbiota, individual animals were divided into 3 groups according to the fecal enterotype-like 197 clusters (Enterotype-like clusters 1, 2 and 3, F1, F2 and F3). Within each group, the UniFrac 198 distances between feces and each of four GI segments were calculated, and each distance was 199 compared among three groups. The results showed that both the community membership 200 (unweighted UniFrac distance) and structure (weighted UniFrac distance) were associated with the 201 enterotype-like clustering (Fig. 5) . Although membership was not significantly affected by the 202 clustering between F1 and F3, fecal samples in F2 exhibited a higher membership similarity with 203 cecal samples but a lower similarity with small intestine samples than the other two cluster groups 204 (Fig. 5a ). Regarding community structure, fecal samples in F2 also exhibited a higher similarity 205 with cecal samples than the other two groups. Nevertheless, similarities between fecal samples and 206 each of the GI segments were lower in F1 than in F2 and F3 (Fig. 5b) . The results suggested that 207 the fecal microbial community in F2 might be influenced by cecal microbiota and be more 208 representative of the cecal microbial community. Furthermore, the fecal samples in F1 had 209 reduced abilities to reflect the microbial community structure of the GI tract. 210
Spearman correlation analyses at the genus level were performed to assess the extent to which 211 GI communities were reflected by fecal samples in different fecal clusters. All three enterotype 212 groups presented moderate correlations between fecal and GI samples (Fig. 3b-d) , and thecorrelations were consistent with the results in comparisons of the weighted UniFrac distance, as 214 shown in Fig. 5b , confirming the microbial relationships between feces and GI tract among three 215 enterotype groups. To assess the correlation bias in the abundant phyla (Actinobacteria, 216
Bacteroidetes, Firmicutes and Proteobacteria), we next performed similar correlation analyses 217 between feces and each of the GI segments within each fecal cluster and specific phylum, and the 218 distribution of correlations is shown in Fig. S4 . Fecal samples in all three groups showed 219 correlations with corresponding cecal samples (ρ = 0.36 -0.84, P < 0.05) in all four phyla. In 220 particular, F2 showed high correlations (ρ = 0.69 -0.84, P < 0.05) between fecal and cecal 221 samples, confirming the close relationships between these two sites in F2. In the phylum 222 Actinobacteria, most correlations between fecal and small intestine samples in both F1 and F3 223 were low or not significant (ρ = 0.34, P < 0.05). In the phylum Firmicutes, fecal samples in F2 224 and F3 were highly correlated with small intestine samples (ρ = 0.66 -0.83, P < 0.05). The results 225 provide additional evidence that the enterotype-like clustering influences the efficacy of fecal 226 sampling for studying gut microbial communities. 227
DISCUSSION
228
The efficacy of using fecal samples to reflect the gastrointestinal microbiota. To our 229 knowledge, this is the first large-scale sequencing assessment on the efficacy of using fecal 230 samples as a proxy for the gut microbiota in birds. In this study, we comprehensively examined 231 the membership, structure and enterotype-like clusters of the chicken gut microbiome at five 232 different biogeographic sites within 206 individual animals. We showed that fecal samples were 233 good proxies for detecting the presence/absence of GI microbial members because most GI tract 234 members could be detected within anatomic features in fecal samples (microbial communities in 235 feces showed increasing similarities to those in the GI tract along the 236 duodenum-jejunum-ileum-ceca axis). However, phyla bias and inter-individual and 237 enterotype-like clustering effects were observed to affect the efficacy of using fecal samples to 238 study GI microbial abundance. 239 Similar to the current study, a high proportion of shared OTUs has been previously observed 240 between fecal and cecal samples in chickens (20) . Similarly, a study in house mice observed that 241 93.3% of OTUs were shared between fecal and lower GI samples (28). Another chicken study 242 indicated that the GI origin is a primary determinant for the chicken fecal microbiota composition 243 (29), supporting the high proportion of shared OTUs between feces and the four gut segments 244 observed in the current study. These results indicate that fecal samples have good potential for 245 identifying microbial members derived from the GI tract. However, another chicken study (12) 246 observed low percentages of shared OTUs between segments. A major reason for the differences 247 among studies might be the small sample size in Choi's study, which would increase the 248 sensitivity of the results with respect to individual variation. Moreover, the presence/absence of 249 microbial members in the GI tract was observed to be reflected by fecal samples in a given 250 anatomical feature, i.e., fecal samples had more similarities in community membership to those in 251 ileal and cecal samples than in duodenal and jejunal samples, consistent with previous reports in 252 birds (13) and mammals (28, 30). 253
As for microbial community structure, the efficacy of using fecal samples to represent the gut 254 microbiota structure did not work as well as for community membership. First, the weighted 255
UniFrac distances between feces and each of intestinal segments was significantly higher than the 256 corresponding unweighted UniFrac distances ( Fig. S5 ), suggesting that taking the abundance into 257 account significantly increased the dissimilarity between feces and each of the GI segments. 258
Second, the abundances of most taxa were significantly different between fecal and GI samples 259 (Table S4) , consistent with previous studies(11, 13, 31). Third, the correlations between the mean 260 fecal and segmental genera abundances were moderate, similar to the results obtained for rhesus 261 macaques (32). However, these correlations display bias among different phyla, i.e., different 262 phyla in the GI tract are differentially mirrored by fecal samples. Fourth, significant correlations 263 (P < 0.05) of each microbe between fecal and segmental samples were low and rare, suggesting 264 that the efficacy of using fecal samples to represent microbial abundance was affected by the 265 inter-individual effect. A similar effect has also been observed in humans (4). 266
In addition, the efficacy of using fecal samples to represent the gut microbiota was affected by 267 enterotype-like clustering. In this study, we observed that fecal samples in cluster F2 were more 268 representative of the cecal microbiota than in F1 and F3. We infer that this phenomenon might be 269 explained by the greater susceptibility of the fecal microbial community in cluster F2 group to the 270 cecal microbiota, making the compositions of the microbial community in feces and ceca moreidentical, e.g., the dominant genus in the cecum and the overrepresented genus in the feces in 272 cluster F2 was Bacteroides. The Bacteroides enterotype is broadly observed in fecal samples in 273 chickens (27), humans (21, 24) and other mammals (25, 26), but the relationships between fecal 274 and GI samples within this enterotype have been rarely reported. Therefore, more studies are 275 required to elucidate the enterotype-like clustering effects on the efficacy of using fecal samples to 276 reflect gut microbial profiles. 277
Previous studies in humans (4, 33) and other mammals (32, 34) have also addressed the issue of 278 whether fecal samples are good representatives for GI microbial analyses. Although the 279 conclusions may not be fully consistent, nearly all studies reached a consensus that microbial 280 communities in fecal samples do not represent the whole GI microbiota. Studies in humans 281 suggest that microbial communities in the duodenum and colon are not represented by those in 282 feces because of the large differences in microbial profiles (33), and these studies emphasized the 283 need to examine tissue biopsies in addition to fecal samples (5), proposing that standard forceps 284 mucosal biopsy samples can represent bacterial populations (4). Compared with human studies, 285 studies in other mammals are more comprehensive because a larger number of gut segments can 286 be involved in the analyses. Several studies in mice (28, 34) support the utility of fecal samples for 287 studying the gut microbiota, because microbial communities in fecal samples were observed to be 288 similar to those in the lower GI tract, which is supported by studies conducted in rhesus macaques 289 (32), pigs (35) and equines (36). 290
Compared with previous studies, the strength of the current study lies in the following: 1) it 291 involved the use of gut segments from the upper GI tract to the lower GI tract and feces, providing 292 a relatively comprehensive view of the spatial relationships of the gut microbiota; 2) the microbial 293 relationships were partitioned into two parts, i.e., microbial community membership and structure, 294 providing multi-angle observations to identify microbial relationships between feces and the GI 295 tract; 3) a massive number of individuals was sampled, which is significant for investigations of 296 gut spatial relationships, as the sizes of most of the above studies did not exceed twenty; and 4) the 297 use of enterotype-like clustering analyses provided new insights into exploring the utility of fecal 298 samples in studies of the gut microbiota. representing from 38.7 to 65.5% of sequences). The percentages reported in another study (60.2% 317 for the duodenum, 50.5% for the jejunum and 43.5% for the ileum, which were calculated from 318 Fig. 3 in their article) were higher than those in Choi's study. In contrast, the results of Xiao's 319 study presented an opposite trend from our findings, i.e., the percentages of shared OTUs in 320
Xiao's study decreased from the duodenum to the jejunum and ileum, demonstrating a 321 reversed-anatomical feature compared with the current study. These inconsistent results might be 322 attributable to differences among species, diets or other environmental factors, but the small 323 sample size in Xiao's study may be an important reason for these inconsistencies. 324
Enterotype-like clustering in chicken gut microbiota. Enterotype-like clustering is of 325
increasing concern and has recently led to heated discussions (45, 46). To the best of our 326 knowledge, the current study describes the first attempt of enterotype-like clustering for the GI 327 tract of birds. Three enterotype-like clusters (Ochrobactrum, Rhodococcus and 328
New.ReferenceOTU2622) appeared to be conserved in the small intestine, demonstrating a close 329 microbial relationship within the small intestine. Additionally, the enterotype-like cluster 330
Bacteroides and unclassified Clostridiaceae appeared in the jejunum and ileum with the oxygen 331 concentration, pH and nutrient changes along the GI tract. Both New.ReferenceOTU2622 clusters 332 in the duodenum and ileum had a lower diversity than the corresponding clusters (Fig. S7) , 333 suggesting a potential depression role of this taxon compared to many other microbes. Cecal 334 samples were clustered into two enterotype-like clusters, but the silhouette coefficient was low 335 (0.08, Fig. S1f ). This issue might be attributable to similar dominant genera (Bacteroides, 336 unclassified Bacteroidales and unclassified Clostridiales) in both enterotype-like clusters, suchthat the similarity between the two clusters was high (ADONIS: R 2 = 0.021, P < 0.05; Fig. S6 ). 338
Similarly, the clustering in ceca did not significantly lead to a difference in microbial diversity 339 (Fig. S7) . These results also provided evidence that the microbial community in ceca tended to be 340 more stable than other GI segments. 341
The chicken fecal samples were previously clustered into four potential enterotypes: enterotype 342 while we observed three. At the phylum level, the clusters in our study were overrepresented by 347
Firmicutes, Bacteroidetes and Proteobacteria, but not Actinobacteria. At the genus level, the 348
Lactobacillus and Bacteroides clusters were observed in both Kaakoush's and our studies, despite 349 differences in the species, environment and sample size. This finding indicates that Lactobacillus 350
and Bacteroides clusters have the potential to be conserved clusters in chickens. The Lactobacillus 351 cluster would account for the largest microbial proportion (53.0% in our study) in fecal samples, 352 because Lactobacillus has been widely reported as the dominant genus in the feces of domestic 353 poultry (29, 47) and pet birds (48). Because microbial diversity is linked to the stability of the 354 microbial community (49, 50), the community in the Bacteroides cluster has the potential to be 355 more stable with a higher diversity than in other fecal clusters (P < 0.001; Fig. S7 ). However, the 356 results are not fully consistent across studies in chickens (27), humans (23, 45) and mammals (26, 357 46), suggesting that the relationship between enterotype-like clustering and microbial diversity 358 might be influenced by differences in species, cohorts within species and the environment.
In humans, an enterotype classifier with a flow that includes two routes to obtain enterotype 360 assignments has been developed (45). We applied the classifier to our dataset, and none of the 361 duodenum, jejunum, ileum and feces samples were similar to stool samples from large-scale 362 projects, such as MetaHIT and HMP. In ceca, 71 samples matched the classifier sample criteria, 363 and most were clustered as enterotype Bacteroides, consistent with the current study (data not 364 shown). Differences in the physiological structure of the GI tract (e.g., the short colon with 365 numerous flat villi and relatively few goblet cells) (51), diet and the environment between humans 366 and birds make this enterotype classifier not fully suitable for data collected from birds, making it 367 necessary to develop an enterotype classifier for birds in the future that can be used to gain a better 368 understanding of their gut microbiota and to detect disorders. 369
In conclusion, we assessed the efficacy of using fecal samples to represent GI microbiota in 370 birds and analyzed potential factors affecting this efficacy. With highly shared microbial members, 371 fecal samples could be used to detect most microbial species in the small intestine and ceca with 372 gut anatomical features. However, analyses of microbial structures using fecal samples as the 373 proxy for the gut in longitudinal microbial studies should be interpreted with caution. Moreover, 374
we described the first attempt to perform enterotype-like clustering in GI segments and observed 375 that the clustering affected the efficacy of using fecal samples to represent the GI microbiota. This 376 study is one of the first attempts to identify the microbial relationships between feces and the 377 intestine in birds, which will help extend our understanding of the bird gut microbiota and provide 378 future directions regarding the usage of fecal samples in studies of the gut microbiome. 
2013-0013). 383
The slow-growing yellow broiler was used as the animal model in this study, and the birds were 384 obtained from Wen's Nanfang Poultry Breeding Co., Ltd. in Guangdong Province of China. Two 385 hundred and six birds with similar body weights were selected and raised on the ground with ad 386 libitum feeding and nipple drinkers. The birds were fed a common maize-soybean-based diet 387 throughout the duration of the experiment. No antibiotics were applied during the thirty-five days 388 before sample collection. Because chickens are the largest population of birds on earth, the 389 chicken was selected as a bird model for this investigation. The slow-growing yellow broiler has 390 not been highly selected for production, making this breed of chicken closer to the ancestral birds. 391 Sample collection. Fresh fecal samples were collected from each bird as soon as excreta was 392 discharged through the cloaca at 77 days of age. Next, all the birds were humanely euthanized and 393 dissected. The contents and mucosal surfaces of the duodenum, jejunum, ileum and cecum were 394 collected immediately after dissection. To ensure the consistency of samples among individuals, a 395 10-cm-long fixed section of the duodenum and jejunum, and the whole ileum and a pair of ceca 396 were selected for sampling from each bird. The contents and mucosa were mixed uniformly before 397 collection. All samples were immediately placed in liquid nitrogen and then stored at -80°C. Both 398 the intestinal contents and mucosa were sampled based on the consideration that the microbes 399 from both sources may contribute to host interactions with respect to nutrient metabolism and 400 immunity (52). 401 DNA extraction and 16S rRNA gene sequencing. DNA was extracted from intestinal and 402 fecal samples using a QIAamp DNA stool mini kit (QIAGEN, cat#51504) (53) following the 403 manufacturer's instructions. PCR amplification of the V4-V5 region of the bacterial 16S rRNA 404 gene was performed using the forward primer 515F (5'-GTGCCAGCMGCCGCGGTAA-3') and 405 the reverse primer 907R (5'-CCGTCAATTCMTTTRAGTTT-3'). Sample-specific 7-bp barcodes 406 were incorporated into the primers for multiplex sequencing. The PCR reactions contained 5 μl of 407 Analysis of sequencing data. Data analysis was performed using the Quantitative Insights Into 420
Microbial Ecology (QIIME, v1.8.0) pipeline (54). Briefly, raw sequencing reads with exact 421 matches to the barcodes were assigned to respective samples and identified as valid sequences. 422
The low-quality sequences were filtered based on the following criteria (55, 56): length < 150 bp,average Phred score < 20, ambiguous bases, and mononucleotide repeats > 8 bp. Paired-end reads 424 were assembled using FLASH (57), and chimera detection was performed with QIIME. After 425 quality control, four fecal samples were excluded due to low sequence quality that was potentially 426 caused by a technical artifact. The remaining high-quality sequences were clustered into 427 operational taxonomic units (OTUs) at a 97% sequence identity using an open-reference OTU 428 picking protocol against the Greengenes database (58). 429
We focused on open-reference OTU picking for these analyses because this method yields 430 substantially more taxonomic identifications with sequences that failed to hit the reference 431 database than do closed-reference methods. The open-reference method can provide more 432 information for enterotype-like clustering and comparisons among intestinal segments or feces. 433
The singleton OTUs were discarded because such OTUs can occur due to sequencing errors. Only 434
OTUs representing more than 0.001% of the total filtered OTUs were retained to improve the 435 efficiency of the analysis. Because the sequencing and sampling quantity varied among 436 individuals, we rarefied the data to the lowest sequences per sample to control for sampling effort 437 in diversity analyses. Alpha and beta diversity of individual OTUs were calculated with 438 post-rarefaction data and the phylogenetic tree. Principal coordinate analysis (PCoA) was 439 performed using the unweighted or weighted UniFrac distance (59) for different intestinal 440 segments and feces. 441
Enterotype-like clustering was performed as previously described (21). In brief, the Calinski-442
Harabasz (CH) index was calculated with PAM clustering to determine the optimal number of 443 clusters (Fig. S1a-e) . The silhouette scores were calculated for each cluster to assess the robustness 444 of the clustering (Fig. S1f) . Principal coordinate analysis (PCoA) was implemented with thedudi.pco function using the ade4 package, and the cluster plots were performed using the rgl 446 packages in R. The correlations between the mean fecal and segmental genera abundance were 447 calculated using the method described in a study of rhesus macaques (32). 448 Statistical analysis. We used Mann-Whitney tests to identify overrepresented genera in each 449 cluster within the same intestinal segment or fecal sample. Because abundant unassigned taxa 450 were detected that were significantly different in the duodenal, jejunal and ileal clusters, 451 identification of overrepresented taxa was also implemented at the OTU level in these samples. 452
ADONIS analyses were performed with 999 permutations for analysis of similarities and 453 dissimilarities using the vegan package in R. Venn plots were generated for intestinal segment or 454 feces samples at the OTU level using the VennDiagram package in R. The package psych in R was 455 used to calculated Spearman correlations. 
